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MEASURING CABLE PARAMETERS

USING THE HP 4195A AND THE HP 4284A

INTRODUCTION

This application note describes testing and characterizing cables ( Z,: Characteristic Im-
pedance, pFfm: Capacitance per unit length, o Loss, and 7: Propagation Velocity ). Sweep
frequency cable characterization { 100 kHz to 500 MHz ) using the Impedance measurement
function of the HP 4195A Network/Spectrum Analyzer is stressed. Precision fixed frequency
cable measurement of capacitance and impedance { 20 Hz to 1 MHz ) using the HP 4284A
Precision LCR Meter is also discussed.

With today’s rapid increase in digital communication links, cable characteristics must be
viewed differently. Traditional cable characteristics are primarily concerned with efficient
energy transfer in RF systems ( energy domain ). Today, the primary use of a cable is data
transfer { data domain ). Cable characteristics important in RF work ( Characteristic Im-
pedance, Propagation Constant, Capacitance per Unit Length, Loss ) are still just as important,
but cables used for high speed digital data transfer must work in a wide bandwidth environ-
ment with low loss and fow distortion. The characteristic impedance of a cable must be
consistent over the frequency range of the signal being transmitted, and must have low and
consistent group delay to minimize distortion.

The advantages of the HP 4195A are: sweep frequency, network analysis, impedance mea-
surement, capacitance, built-in programability, and graphic display capability. Measurement
technigues for determining the parameters: Characteristic Impedance, & + iB { Propagation
constant ), Capacitance, Loss, and Group Delay are discussed. Time-Domain Reflectometry
({ TDR ) techniques for locating cable faults are also discussed.

You need to know the general frequency response ( for example where the resonance points
are )} to choose the best fixed measurement frequency. The procedure is simple: short one
end of the cable under test and execute a single sweep impedance measurement to deter-
mine its 1/4 X frequency, or trim the cables length until it indicates by measurement that it is
1/4 X long at the specified frequency. As frequency increases, a cable must be modelled as
an increasingly complex circuit. The frequency does not have to be high to run into trouble
when you are using long cables and imperfect impedance terminations. Sweep frequency
measurement lets you see the whole picture so you can choose the frequency range to
zoom in on. With today's tough design requirements, you must be able to characterize
cables under actual operating conditions { impedance terminations, layout, length, etc. ).

CABLE MEASUREMENT PARAMETERS
Z, Characteristic Inpedance primary coaxial cable parameter
pF/m Capacitance per meter second most specified cable parameter
v Propagation Constant 7 = o+ /B =[ (R + jwL} (G +jwC) ]*/?
o Loss Attenuates signal reducing the signal to noise ratio

© Group Delay Causes signal distortion



IMPEDANCE MEASUREMENT ( HP 4284A, HP 4195A }

The HP 4284A and HP 4195A are used to measure impedance, the HP 4284A is used for
high accuracy, fixed low frequency measurements, and the HP 4195A is used for accurate,
wide range sweep frequency measurements. Some important instrument features and mea-
surement techniques are given in the following paragraphs.

Error Correction

The error correction features of the HP 4284A and HP 4195A are useful for accurate mea-
surement. Error correction is essential for realizing high measurement accuracy, and for
isolating the response of the Device Under Test ( DUT ) from the responses due to associ-
ated measurement support circuitry, ( for example, using a balun transformer to match a
DUT to an instrument’s input impedance ).

Figure 1 shows the OPEN/SHORT error correction measurement setup. Note that special
attention must be paid to seeing that the " SHORT " is the best possible SHORT at the high-
est frequency of interest. Figure 2B shows the results of using a less than perfect OPEN
and SHORT for the frequency range when performing an OPEN/SHORT Z-measurement/Z -
calculation. The reason for the response shown in Figure 2B is that the 1/4 A\ frequency
points for the SHORT and OPEN impedance measurements are offset due to the impertec-
tions of the SHORT and OPEN at the frequencies involved ( as frequency increases, the
quality of any OPEN, SHORT, or IMPEDANCE termination diverges from the ideal, there are
no perfect OPEN, SHORT, or IMPEDANCE terminations ). The results shown in Figure 2A
are based on the Z-termination measurement method, while the results shown in Figure 2B
are based on the OPEN-SHORT measurement/Z-calculation method. In this case, the
Z-termination method gives the more accurate results.

HP 16047C

P A oA~ T I

Shorting Plate

Measure OPEN, SHORT

Figure 1. HP 4284A OPEN-SHORT Error Correction Measurement Setup
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Traditional TERMINATION and OPEN/SHORT Z-measurement/Z -calculation results for a
0.3 meter BNC cable { 100 kHz to 500 MHz ) are shown in Fugure 2, and for a 128 meter
BNC cable (100 kHz to 500 kHz) are shown in Figure 3. The Z-measurement/Z -

calculation setup is shown in Figure 4.
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OPEN/SHORT CHARACTERISTIC IMPEDANCE CALCULATION

Charagteristic impedance is calculated using measured OPEN and SHORT values. Figure 4
shows the OPEN-SHORT measurement setup.

1Zo] = ( 1Zgpl 1Zgr| P2
Where: Z, = Calculated Characteristic Impedance Value

Z,, = Measured OPEN Impedance
Z,, = Measured SHORT Impedance

HP $6093A BINDING POST TEST FIXTURE

i
P I3 |z
4 %qé
1 (8] 8
=
: Pt
A

HP 41951-69001 IMPEDANCE TEST ADAPTER

Figure 4. HP 4135A OPEN-SHORT Termination Measurement Setup

MEASUREMENT HINTS
Balanced Cable Measurement Using Balun Transformers

Balanced cables are two conductor cables constructed so that the conductors are parallel,
and for shielded balanced cables the impedance of each conductor to the grounded shield is
equal. The HP 4284A and HP 4195A have unbalanced ( single ended } outputs, so it is
necessary to use an unbalanced-to-balanced circuit, dalun transformer, between the instru-
ment and the balanced cable. Figure 5 shows a typical arrangement for using a balun trans-
former. The requirements for a good balun transformer are:

o Select the Bandwidth for the test frequency sweep range being used. A maximum roll-
off of 3 dB at the selected START and STOP sweep frequencies.

¢ A balun should have flat impedance characteristics over the frequency range it is to be
used. That is, the variation in insertion loss over the frequency range should not ex-
ceed 3 dB.

e The SHORT impedance ( |Zg| ) of the balun should be as low as possible, at least one
tenth { or less ) of the measured impedance of the cable to be tested. The lower |Z,]
is, the less the additional error is. For example, if |Z¢| is one tenth the impedance of
the cable, the additional error is a maximum of 20% of the accuracy of the instrument.
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¢ The balun’s OPEN impedance |Z,|, conversely, shoutd be as high as possible, at feast
10 times greater than the characteristic impedance of the cable. The higher |Z,] is,
the less the additional error is.

As frequency increases, the physical fayout of the cable becomes more important. It an
unshielded balanced cable is coiled or bunched up, or layed out ciose to a ground plane,
etc., the high frequency response can vary widely, so cable layout must be given careful
consideration. However, when you want to know the frequency response of a cable under
actual conditions, measure the cabie parameters with the cable layed out as it will be used.
Above 50 MHz, as in any RF circuit, careful attention is required to obtain the effective high
frequency characteristics of a cable ( neat layout, short leads, SHORTs, OPENs, and ter-
minations chosen for good high frequency characteristics, etc. ).

When higher impedance measurement accuracy is required, change the LOAD CAL STD
value { second softkey menu page selected with the CAL function key ) to equal the nominal
characteristic impedance of the cable. For example, for a 300 2 balanced twin-lead TV
cable, set the LOAD CAL STD value to 300 Q and perform a LOAD calibration with a 300 Q
LOAD.

HP 16085A

31:1:1 Puls# Translormer
i HP PN 9100-0855)

21=22

@ HP 16093B

To Ground
Terminal

Figure 5. Using Balun Transformers
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Characteristic Impedance Measurement

The frequency response of a cable is more complicated to measure when it is not infinitely
long, which is always the case. Impedance mismatches between the cable and the mea-
surement circuit will result in reflections which degrade measurement accuracy, so if the
impedance of the cable differs significantly from the input impedance of the measurement
instrument, and if you know the approximate impedance of the cabie, use impedance
matching between the input and the cable. When measuring the basic characteristics of a
cable, the best way to deal with this problem is to cut the cable equal to its 1/4 X electrical
length at the sweep STOP frequency setting and measure the characteristics of the cable at
the 1/8 A frequency. This technique is most useful for basic cable characterization, but
when you must know the characteristics of a cable under actual operating conditions, mea-
sure the impedance of the cable terminated with the actual termination impedance. Mea-
sure the termination impedance by itself, and then measure the terminated cable. The char-
acteristic impedance is the square root of the product of these two measurement results.
The procedure for the HP 4195A is:

1. Set up and measure the termination impedance.
2. Select the VIEW key and the STORE A,B->C,D softkey.
3. Measure the impedance terminated cable.
4. From the front panel or using DEFINE MATH, perform: A=SQR(A*C)
The LINE CURSOR mode and the LCURS--> AVRG function can be used io give the average

characteristic impedance value of a sweep frequency impedance measurement. Figure &
shows the results using this procedure.
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LOCATING CABLE FAULTS
Time-Domain Reflectometry { TDR )

The TDR measurement technique uses a step-function test to locate cable faults by detect-
ing and analyzing impedance discontinuities: shorts, opens, pinched cables, improper ter-
minations, etc. WHERE the fault is detected, is determined by calculation using the prop-
agation velocity of the cable and the time between the initial pulse and the impedance dis-
continuity reflection. The combination of horizontal and vertical response ( SHAPE } defines
WHAT the fault is. It is important to remember that the vertical axis is g volrage which is a
function of the impedance differential between the characteristic impedance of the cable and the
impedance of a discontinuity or fermination.

Figure 7 shows some typical responses of basic series and shunt RC circuits { C and D ) and
RL circuits (A and B ) which give a general representation for SHORTED, PINCHED, and
OPEN type cable faults, the representation for a PINCHED cable can be any where in be-
tween the OPEN and SHORT representations. Hewlett-Packard Application Note 62 gives an
excellent discussion on TDR Fundamentals and fauit analysis using the HP 54120T Digitizing
Oscilloscope.

TIME/DISTANCE TO
IMPEDANCE DISCONTINUITY

OPEN~
3
_\..——_e_._......
\\\\ |
IMPEDANGE REFERENCE LINE /%
e — e = VA il b -
. T e .
. v g
& - -
— :
VOLTAGE!/ SHOHT;? Jj
IMPEDANCE # g b
AXIS START [ I.]"
TIME/DISTANCE AXIS
R > REF Z
. OPEN

J_ R << REF I =]

An example of the complexities
of analyzing TDR response
for a simple series
capacitance—resistance type response ]

R = approx. REF Z

Figure 7. Interpreting TDR Measurements
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A f Series R-L

Inductive
Response
B % Shunt R-L
C Shunt R-C
Capacitive
Response
L
D % Series R~-C 1

Figure 7. Interpreting TDR Measurements (continied)

MEASUREMENT EXAMPLES
OPEN-SHORT Measurement/Calculation to Determine Characteristic Impedance

The OPEN-SHORT measurement method of determining the characteristic impedance Z,,
and phase 6 of a cable is based on the following equations:

1Z) =(1Zgpl 1Zg;1 V72 and 6 =(6y, + 651}/ 2

Where; |Z,p] = Absolute value of measured QPEN-cable impedance
|Zs;| = Absotute value of measured SHORT-cable impedance



The HP 4195A Auto Sequence Program ( ASP ) given in Listing 1 is used to perform both the
Z, measurement/Z-calculation, and the & and B cable constant measurement/calculations.
The measurement setup and typical Z, measurement results are shown in Figure 8.

HP 4195A
o ]
(e )
(S
g |o
O
Cable Under Test
51
* @
L_-r’_ r
0

41951-69001§  /

IMPEDNCE Cor Math CHARACTERISTIC Z VS FREQ.
A REF 8: REF MKR 306 288 _ 750.000 Hz

100.0 500.0m Z 51.4270 Q
( Q } [RAD ] 8 -192.090m RAD
k4
=}
z, l\
N \ N -

. ————] _J
S
Phase k k
b __‘—--J‘\..___‘_‘_-“-
BTM D1V START 100 000 .000 HzZz
20 .00 100 .0m STOP 500 000 000.000 Hz
RBW: 1 KHz ST: 4.33 sec BANGE; H=-10, T=-10dBm

Figure 8. Characteristic Impedance Measurement Setup and Results
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249
250
2E8
270
Zed

00
T1@
320
Iie
340
350
260
370
588
39
490
410
42

438
440
458
4E0
470
ape
499
see
51e
5ze
SZe
49
550
SE8
57Te
580
598
602
€19
520
62@
64Q
30
6EQ
672
680
=31
720
710
720

Listing 1. HP 4195A ASP Open-Short Cable Measurement Program

FHC3
t RST

CMT "CABLE MEASUREMENTS"
05C1=-7 DBM

ATR1=8 DBMiATTI=@ CBM

RAD

REW= 1 KHZ

START=108 KHZ

1 STOP=250 MAZ

SCT1:5CLT 1 56T 55WM2

PHE2

DMA=H8 ; DMB=MB

UNITA" -

UNITE"RAD

PRMA™Z " s MTHAL

PAMB" - {MTHBI

1

DISP "1 CAL NEEDEG? @=NO 1=YES*

PAUSE

IF Z=1 THEN GOSUB 2080 1 CAL

DISP "SET UP FOR AN OPEN-CABLE MEASUREMENT®
PAUSE

DISP "OREN MEASUREMENT IN PROGRESS®

WAIT 100@

CMT"OPEN CABLE MERSUREMENT"

SWTRG

E=MA + OFEN_IMPEDANCE

RE=ME | OPEN_FHASE

5CL1:SCT21AUTO

SCL2:SCT1;: AUTD

DISP "SET UP FOR A SHORTED-CABLE MEASUREMENT®

SCLI
PAUSE

DISP "SHORT MEASUREMENT IN PROGRESS®
SWTRE

F=MA 1 SHORT_IMPEDANCE

RF=ME ! SHORT_PHASE

AUTO

DISP "CHAR-Z CALCULATION IN FROGRESS®
1

CHMT*CHARAGTERISTIC I VS FREQ."

' CHARACTERISTIC IMPEDANCE

15 CALCULATED AS

|
V'] = S0RC E » F )
!
!

I= E*F
A = SQR(T)

]

B = ((RE + RF}/2)
5CL235CT1:AUTD
SCL13SCT23AUTO
MCF3sMKCR 5 CRAV | SCL 1
l

DISP "CHAR. 2 CALCULATED USING OPEN-SHORT DATA"
|

WAlT 2000

DISP -YOU CAN DUMP OR PLDOT THE RESULTS NOW"
PAUSE

1

DISP "PRESS STOP IF YOU WILL NOT MEASURE A 3 B
WAIT 2000

1

' ATTEN. rPHASE CONSTANTS

i

CMT"A b B CABLE CONSTANTS"

MCF1

|

RAD

DISP “ATTEN./ PHASE CALCULATION IN PROGAESS”
RA = SOR(F/E)

RB = {RF-RE) / 2

3048
3950
o602
3079
Jooe
3290

11

RE = RA + COS{RZ)

RF = RA + SIM{RB)

J = (1+RE} » (1+RE) + (RF*RF}

H = (I1-RE) *+ (I-RE) + (RF+RF}
GOSUB 5@0@ ' ___ CABLE_LENBGTH___
DISP “ATTEM. 7 PHASE CALCULATION IN PROBGRESS"
E = SOR{J/H)

RC = (1/{2=F3} » LN(E} » B.E959
RO = (1/(2+F)) « ((PI-ATANC(RA+1)/R3)} + ATANI{RA-1}/RE}}
t

A= RC; B =RD

UNITA-DB/M™

UNITB-RAD/M"

PRMA™A* sMTHAL

PRMB“B" sMTHB1

i

SCLZsSCTIsAUTO

SCL11SCT21AUTO
MCF3sMCF 4 ; CRAV MEACT | s MY

DISP "MEASUREMENT COMPLETE"

END

I

1

{ SUBROUTINE___ CALIBRATION___

1

BEEP

DISP "COMNECT @ S~

PAUSE

CALTI

OPNCAL

OISFP "CONNECT @ OHM”®

PAUSE

SHTCAL

OISF "CONNECT LOAD"

PAUSE

LoCAL

SEEP

CORRI

1

| COMPENSATION_

1

DISP "SETUP FOR COMPENSATION"
PAUSE

DISP "CONNECT @ 5"

PAUSE

CHPT3

I5CHP

BEEF

DISF "COMNECT @ OHM™

PAUSE

Z0CHP

BEEF

CORR!

DISP "CAL COMPLETE"

BEEP ;BEEP ; BEEP

WALT 2080

RETURM | FROM CAL SUBROUTIME

i

1

| SUBROUTINE_CABLE_LENGTH___

1

1

DISF "ENTER CABLE LENGTH IN METERS"
PAUSE

F =1

IF 7 <= @ THEN DISP “CABLE LENGTH CANMCT 8E @ QR MNEGATIVE"
WAILT 1592

IF I <= @ THEN GOTO 30@@ ' _CABLE LENGTH
RETURM ! FROM CABLE_{ ENGTM SUBROUTINE



Measuring Cable Capacitance Using the HP 4284A

The HP 4284A

ment results,

makes very accurate cable capacitance measurements at frequencies up to
1 MHz. Figure 9 shows the capacitance measurement setup and Figure 10 shows some
typical measurement resulis. The CORRECTION feature of the HP 4284A lets you correct
for test fixture and measurement setup related error effects. An HP 4284A with Option 001
outputs a 20 V... test signal for a high signal to noise ratic and gives very stable measure-

P MO0 DM T I

HP 16047C
/

__ High

||| @

- i —

i \cté RG-55C \ (C= oPEN

J 1!
HEIR
— Low

Figure 9. HP 4284A Cable Capacitance Measurement Setup

(MEAS DISPLAY> SYS MENU
FUNC : Cp-D RANGE : AUTO
FREQ :1.000@0MHz BIAS : 0.00@ V
LEVEL: Smy INTEG: MED
Cp 17 .2435pF
D : .02 0703
Um 5.18mV Im : B.561uf
CORR: OFF

Figure 10. HP 4284A Cable Capacitance Measurement Results
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Measuring Loss and Group Delay

Loss and group delay are easily measured using the HP 4195A network measurement func-
tion. The need to measure the group delay of a cable becomes apparent when high speed
digitat and analog signals are considered. Distortion caused by group delay non-uniformity
is a problem at high data transfer rates. Group delay is an HP 4195A network measurement
mode softkey selection, and a group delay measurement consists of selecting the T/R-t
{dB ) softkey while in the NETWORK configuration and performing a THRU calibration.
Figure 11 shows the network measurement setup and some typical group delay measure-
ment results.

When phase information is not needed, loss can be measured using the built in tracking
generator and spectrum analyzer function of the HP 4195A. The LOSS curve, using the
sweep generator/spectrum analyzer method, is the same as the network LOSS curve shown
in Figure 11. The spectrum/tracking generator method is performed as follows:

1. Select the SPECTRUM function and set the frequency and output level. Connect a
cable that is much shorter than the cable to be tested between the selected output
and input.

2. Make a single sweep measurement and execute € = -A. Connect and perform a
single sweep measurement of the test cable.

3. Execute A= A + C to eliminate receiver response error and attenuator switching
glitches from the measurement results. Set A REF LEVEL = QUTPUT signal level
and set A BOTTOM just below the lowest level measured.

HP 4195A ! |._|
NETNDHK CUr‘ 128M LDSS & GROUP DELAY
) REF B: REF MKE S0 0B0O 000.000 Hz
2 o 000 580 on T/F! Z14.4066 dae
s [ dB 1[ sec 1 T 642.847n sec
N
52 A2 T2
LY
Power Kxﬁ.
L
Splitter h__ff_
\ \ e —_
\f\‘ “NN‘-M._H
PANPAMAAAAA A AT ANAAIAAA MY
Group Delay )
DIV DIV START 100 000.000 Hz
\ 5.000 5.000nNn STOR 250 000 000.000 HZz
RABW: 1 KHz ST:4.32 sec RANGE: R==10, T=—10dBm
CABLE UNDER TEST DFREQ= 0.50

Figure 11. HP 4195A Loss and Group Delay Measurement Setup and Results
13



Velocity Constant

The velocity of a signal through a medium other than free space ( vacuum ) is less than the
velocity through free space. The ratio of the non-free space velocity to the free space veloci-
ty is the Velociry Constant. The HP 4195A offers an easy solution to finding the real world
velocity constant values, the plural " Velocity Constants ", is used because sweep frequency
measurement clearly shows that the velocity constant of a cable as a system { cable, ter-
mination, strays and residuals, etc. ) is frequency dependesnt due to imperfections in termina-
tion impedance and cable construction. To find the Velociry Constant of a cable:

1. Measure the physical length of the cable.

2. Calculate the frequency for which the measured length of the cable would equal one
wave length, A,, and label this as f,. This calculation is based on the physical
length of the cable.

fy = S/ny Where: ¢ = 3x10% and Av = physical length ( in meters )

3. Set the STOP frequency of the HP 4195A to a little higher value than frequency /,
calculated in step 2.

4, Perform a sweep frequency impedance measurement of the cable with the center
conductor and shield shorted together at the end of the cable, and record the fre-
quency of the indicated A\, point and label this as /,, see Figure 12. The frequency
and A ratios are equal.

5. Calculate /, / f, (the same as A, / A, ) to obtain the propagation velocity constant
of the cable for the frequency range selected.

The 1/4, 1/2, or 3/4 indicated A frequency points should be used to derive A, depending on
which is closer to the intended frequency of use. An example is shown in Figure 13 for a
1.2 meter coaxial 50 Q cable. The degree of difference between the 1/4, 1/2, and 3/4 M\
indicated frequency points and the corresponding multiples of the 1/4 A frequency is an
indication of how good your OPEN and SHORT are. |f you were using a perfect OPEN and
SHORT, there would be no difference.

IMPEONCE Cint FINDING VELOCITY CONSTANT
A: BEF B8: REF MKR 40- 080 000.000 Hz
10.00K 3.800 Z 3.66262K 0
{ Iy} rad ] 8 386. 158m rad
[ 1| | I
fq A== i
—— [ Ny YA =
T i
[: iR ) ]
h VARN ARN /
prd = 7 P ~ il =

/' | P ™~ pd

7 N7 N7

1

'_5/ [ I L
Wi /
T binsadng Yy N~ ’*l"’,
; -
BTM oiv START 100 000 .000 Hz
100.0m 500.0m STOP 200 000 000.000 Hz
RABW: 1 KHz ST: 4.33 sec RANGE: AR=-10, T=—10dBm

Figure 13. Finding /|
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Cable Attenuation and Phase Constants
Atreniation ( &) and Phase Constants ( B ) are calculated using OPEN-SHORT measurement/
calculated Characteristic Impedance ( Z, ) and Phase ( € ) data. See Figure 14 for the < and
B measurement results for a 0.3 meter, N-type cable.
Attenuation Constant: o = 86859 (1/2/ ) [ ((1+x)2 + 2 )/ ((1-x)2 + ¥ ) 12 dB/m
Phase Constant: B =(1/2!/)[ v - arctan{ {x+1} / y ) + arctan{ {(x-1) / y )} ] rad/m

Where: x =P cos¢g and y = P sing

and P = Calenlated impedance using OPEN and SHORT measurement data
= (1Zgpl 121 )2

@ = Calculated phase using OPEN and SHORT phase measurement data
(Bgy-8gp)/2

! = Physical length in meters
86589 =  Conversion factor to convert Nepiers/unit length to dBm/meter
IMPEDNCE Cor Math A & B CABLE CONSTANTS
A. REF B: REF MKR 155 069 000.000 Hz
5.000 4,000 A 493.162m DB/M
{DB/M ] {RAD/M ] B8 1.34701 RAD/M
F A
- A L
! . 7
¢l | kﬁvva;wnjbquv' N
YT VT ANV VALY Yotk
- T LAAK :
llnl i | b
i ——= S
ik " | B
1 1
- /..r
BTM DIV START 100 000.000 Hz
1.000m 200.0m STOP 500 000 000.000 Hz

RBW: 1 KHz ST: 4,33 sec RANGE: R=—10, T=-10dBm
Figure 14, o and B Measurement/Calculation Results

REFERENCES

Measurement setup and OPEN-SHORT-LOAD error correction are discussed in the Opera-
tion Manuals of the HP 4284A and HP 4195A. OPEN-SHORT-LOAD error correction, and
impedance measurement principles and techniques are discussed in "THE IMPEDANCE
MEASUREMENT HANDBOQK", HP P/N 5950-3000. The "ARRL HANDBOOK for the
Radio Amatenr” discusses balun transtormers and transmission lines. 1TT's “Reference Data
for Radio Engineers” discusses transmission line theory.
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